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an AP is stationary, although we recognize that station-keeping
is a far from trivial task. If an AP is an aircraft, such as the Pro-
teus made by Angel Technologies, then it will fly in tight circles
(some five to eight miles in diameter), with the station keeping
about the center of the circle. We are not considering this type
of AP in this paper. The airship type of AP must have suffi-
cient propulsion to overcome stratospheric winds, which for a
given location vary through the year. Even if sufficient propul-
sion is available, there is still the problem of combatting the
small vertical, lateral, and tilting movements. Positional insta-
bility of APs has been studied [4], where it is shown that the tilt
of an AP is the movement that has the most deleterious effect.
If not restrained to less than 3 , it can significantly decrease the
capacity of a code-division multiple-access (CDMA) AP net-
work. However, as we are concerned here with basic equations
and parameters, the stability issues will not be addressed.
II. THE VIEW OF THE EARTH FROM THE AERIAL PLATFORM
The extremities of the “view” of the earth’s surface from the
aerial platform at point P inFig. 1 is found by drawinga straight
line from P to make a tangent with the earth’s surface at point
A, and then rotating the arc AD by 360 about the -axis. The
surface area mapped out is
(1)
where is the radius of the earth ( km) and is
the depth from the earth’s surface, point D, that is immediately
below P, to a plane within the earth surface that connects with
points A and B. From triangle OAP, the distance from the plat-
form to point A is
(2)
where is the nadir. From triangles FAP and OAF, we have
(3)
and
(4)
respectively,where isshowninFig.1.Eliminating from(3)
and (4) and using (2) with obtained from (1) yields
(5)
For the situation where , i.e., square
kilometers, .Thevariationoftheradiusofthetotal
surface area covered by the aerial platform versus its height is
displayed in Fig. 2.
The angle OPA in Fig. 1 is
(6)
and the curve from A to B is
(7)
Fig. 1. Cross-section at z = 0 in the space-earth geometry of the AP. The AP
is at position P.
The straight line AB, which passes through point F, is given by
AB (8)
ToapproximatethecurveABthroughDbythestraightlineAB,
the following condition should be satisfied:
(9)
Using the fact that for , (9) is valid if
, when
(10)
or km.
Consider point C on the earth’s surface, having the coordi-
nates referenced to the center of the earth, as shown in
Fig. 1. The distance from the platform to point is
PC (11)
for and . Substituting from the
previous equations for and , the length PC becomes
PC (12)
and the arc CD is
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Fig. 2. The height of the AP versus the radius of the maximum area covered on the earth’s surface.
Fig. 3. Communications via multibeams in the AP system.
The total angle coverage of the platform ( )i s2 and can be
evaluated from
(14)
The angle in Fig. 1 is
(15)
while the surface area containing CDE is
(16)
and
(17)
III. MULTIBEAM ANTENNA
The aerial platform will support a multibeam antenna. One
beam will be directed at all times to the fixed network ground
station that is connected to the cellular network. The other
beams will be directed to fixed ground sites if they provide
back-haul links from ground macrocellular or microcellular
systems; or they will be steerable beams if they have to accom-
modate mobile traffic, which varies in location and intensity
hour by hour. These steerable beams provide the network’s
capacity-on-demand feature. Fig. 3 shows a number of beams,
including one that is tracking an airplane and offering the pilot
and passengers communication links to a global network, e.g.,
to the Universal Mobile Telecommunication Services (UMTS)
global network.
Each beam from the multibeam antenna can be steered in-
dependently. Different arrays can be used for this task; such as
linear, circular, and planar arrays. Fig. 4 shows the arrangement
of a linear adaptive array having elements with a distanceEL-JABU AND STEELE: CELLULAR COMMUNICATIONS USING AERIAL PLATFORMS 689
Fig. 4. Beamforming at the AP receiver.
between each two adjacent elements, which generates re-
ceiving beams.
Let us consider the reception of signals from the ground. Be-
cause the source is in the far field, the received rays are parallel.
The differential distance along the two ray paths is ,
where is an arbitrary angle of arrival ( ).
Notice that the angle of arrival is different for each beam, and
Fig. 4 displays the arrival of only one beam. Each element is
weighted with a complex weight , with
and . Assuming that the phase of the received
rayatantennaelement0iszero,theoutputofbeam ofthearray
is
(18)
where
(19)
and is the speed of light. Substituting from (19) into (18)
yields
(20)
where , is the wavelength, and
(21)
is the array factor.
Let the phase of the th element lead that of the ( 1)th
element by . On introducing a weight factor for the
th beam, element ,w eh a v e
(22)
Accordingly, the th array factor becomes
(23)
The beam shape depends on the weights. Assuming a uniform
distribution, i.e., all of the weights have the same magnitude,
for all . Using the formula
gives the array factor
(24)
the absolute value of which is
(25)
For the th beam to be at an angle , , and the
power pattern of this array in the direction becomes
(26)
which has a maximum gain of .
By controlling the magnitude of the weights and the number
of elements, the gain of each beam can be controlled, with each
beam having ( 2) side lobes. The phase of the weights
are used to control the direction of the main beam. The nulls of
the main beam are obtained from (26) when
(27)
from which the width of the main beam between zeros is
(28)
Thus, the beamwidth depends on the number of elements, the
distance between them (relative to the wavelength), and the di-
rection of the beam. In this context, the following points are
worth mentioning.
1) Equation (26) repeats every 2 radians, and so more than
one main beam in the visible region may occur. To avoid
this, the spacing should always be kept less than .
2) For a given number of elements, increasing the spacing
between them decreases the beamwidth and increases the
array size ( ).
As an example, consider a linear array of ten elements with
used to generate three independent beams at angles
30 ,0 , and 60 . The resultant beams are shown in Fig. 5 andEL-JABU AND STEELE: CELLULAR COMMUNICATIONS USING AERIAL PLATFORMS 691
Fig. 8. Three-dimensional pattern for square array of 10 ￿ 10 elements with
spacing d = ￿=2 directed toward (0,0).
where and represent the half-power bandwidths. For a
square array ; , ; and
s s (35)
For the plane that is perpendicular to the elevation, the
half-power beamwidth is
BW (36)
which reduces to
BW (37)
for a square array.
As an example, consider a square array of 10 10 elements
where the distance between each two elements on the same row
or the same column is . This array produces a three-
dimensional pattern directed toward (0,0), as shown in Fig. 8.
However, this pattern may be modified to electronically steer
the central beam as required. An identical pattern is formed in
the lower hemisphere, which can be diminished by the use of a
ground plane [5].
IV. FORMULATION OF CELLS
We now examine how we form cells on the earth’s surface
using an AP. Consider first the formulation of a single cell by
a beam from a multibeam antenna system connected to the un-
derside of the AP. The beam at an angle ( , 0) from the AP
delivers a footprint on the earth’s surface, as shown in Fig. 9.
Thisfootprintcorrespondstothehalf-powerbeamwidth,andwe
refer to this footprint as a single cell. Beyond this footprint, the
coverage decreases with distance and constitutes interference in
neighboring cells formed by other beams.
Referring to Fig. 9, the equation of the footprint for a beam
with elevation plane half-power beamwidth BW and
Fig. 9. The geometry of a footprint of a beam on the earth’s surface from an
AP.
half-powerbeamwidthBW ,intheplanethatisperpen-
dicular to the elevation, is shown in Appendix 1 to be
(38)
where . If a point
is rotated by an angle , the new coordinates, which are due to
a beam directed toward ( , ), becomes
(39)
and
(40)
When and , the equation is that of a circle of
radius , where is half of the half-power beamwidth
of the broadside beam.
LetusconsideranAPwithasquarearrayof10 10elements
with . As data from worldwide measurements of strato-
spheric wind velocities indicate that their minimum averages
from 30 to 40 m/s occur between 65000 and 75000 ft (19–23
km) depending onthelatitude [7],we will consider theplatform
to be at a height of 21 km throughout this paper. The broadside
half of the half-power beamwidth of this array is found numer-
ically to be 5.1 , and the corresponding broadside cell radius is
1.876 km. To find the footprints of different beams in different
directions, we take into account the change of the beamwidth as
the scanning angle changes by introducing a continuous func-
tion. To arrive at this continuous function, we first determined
numerically the HPBW at , , , , , and
by setting (33) to 0.707 of its maximum value. The HPBW
versus scanning angles for the above values of are plotted
in Fig. 10 and titled “exact.” The minimum least squares error692 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 50, NO. 3, MAY 2001
Fig. 10. The HPBW versus scanning angle for the exact results, using the approximation formula and the curve fitting procedure for a square array of 10 ￿ 10
elements with spacing d = ￿=2.
Fig. 11. Cell structure on the earth’s surface for a square array having 10 ￿ 10 elements with spacing d = ￿=2 (dimensions of both axes in km).
curve fitting was applied to the exact curve at the values to
yield the continuous function of the half of the HPBW
(41)
where (but converted to radians), such that is
the direction of the main beam in the -direction. This function
is plotted in Fig. 10 and labeled “curve fitting.” Also displayed
in Fig. 10 is the curve “approximation formula” resulting from
theapplicationof(35).Noticethatthiscurvehasgreaterinaccu-
racy at higher scanning angles. The cell structure obtained from
this array using (38) with the help of the curve fitting of (41) is
shown in Fig. 11; see [4].694 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 50, NO. 3, MAY 2001
TABLE I
SOME UMTS SPECIFICATIONS [8]
Arranging for all the beams to have the same maximum gain,
i.e., for all and
(53)
and
(54)
which is the gain of the beam of the interfering cell directed to-
ward C evaluated at . By selecting A, the
maximum gain of the main beam is 30 dB as the array dimen-
sions are 10 by 10. Arranging for one cell per cluster, the gain
of the main beam in Fig. 11 as a function of the distance
from the center of along a line to the center of (also in
Fig. 11) is shown by the solid line in Fig. 13(a). We emphasise
that the the same frequencies are used in cells and . Also
displayed in Fig. 13(a) is the curve representing the variation of
the gain of the main beam for . Defining a cell as the 3-dB
beamwidth, we note that the boundary of is at about 1.9 km
(similar to the previous calculations), while the boundary of
commences at about 1.4 km.
(a)
(b)
Fig. 13. Results for one cell per cluster.
Fig. 13(b) shows the variation of SIR experienced by an MS
assigned to as it travels the same distance in Fig. 13(a). The
interference is computed not just from cell but from all the
cells that form a ring around , assuming one user per cell.
Observe that at the cell boundary of , the SIR is about 3.5
dB, and hence this cell cluster arrangement is only suitable for
CDMA, and not time- or frequency-division multiple access.
In digital systems, the SIR at the receiver input is closely re-
lated to at baseband, namely [9]
SIR (55)
where
energy per bit;
interference power spectral density (PSD) in watts/
Hertz;
message data rate in bits per second;
radio channel bandwidth in hertz where .
In CDMA, all users share one radio channel, each having a dif-
ferent code. If a CDMA system is deployed and there are ac-
tive users per cell uniformly distributed over the cell, then each696 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 50, NO. 3, MAY 2001
(a)
(b)
Fig. 16. Results for three cells per cluster.
Fig. 17. Arrangements to change cell size and location.
in Fig. 17. The controller changes the phase of the weights ac-
cording to the required direction, the number of weights to the
(a)
(b)
Fig. 18. Cell forming according to traffic.
size(number of connected elements of the array) according of
the cell, and the values of the weight to adjust the gain of the
beam.
As an example of the flexibility to form macrocells and mi-
crocells, we consider the arbitrary scenario depicted in Fig. 18.
The microcells are realized using a square array of 30 30 ele-
ments,andthemacrocellsareestablishedbyanarray10 10el-
ements. We will probably need to use one CDMA carrier for the
microcells and another for the macrocells. Let us suppose that
the AP is above the city center and at noon we provide seven
microcells and one macrocell over the business district, while
suburbia has six macrocells. In the morning and early evening,
mobiles are entering and leaving the business district, respec-
tively. The microcells follow the offered traffic as it spatially
and temporally changes. By late evening, the microcells can be
positioned throughout the center as required. For purposes of
example, we have placed them at the center of each macrocell
in Fig. 18(b). The essential point is that variable cells can be
formed and moved to accommodate spatially and time-varying
traffic offered by the MSs.EL-JABU AND STEELE: CELLULAR COMMUNICATIONS USING AERIAL PLATFORMS 697
Fig. 19. The required transmitted power versus the radius of the area covered for different chip rates.
VII. TRANSMISSION RATE AND DELAY
The maximum propagation time delay of a signal trans-
mitted by the platform can be calculated as
(60)
where isthespeedoflight( m/s)and isthedistance
shown in Fig. 1 and given by (2).
Delay is an important factor in global communications. It is
interestingtocomparethedelayofanAPnetworkwiththedelay
incurred in a fiber link. To make this comparison, we consider
the arc length AB in Fig. 1, as it is the maximum distance be-
tween two mobiles. The distance using optical transmission is
the length of the arc AB. Applying (7) for ,
,yieldingthearc for
km. For the AP, the maximum distance travelled by a signal is
2 517 km for a platform at 21 km. The optical signal travels
almost the same distance. However, the propagation of light in
fiber depends on its dielectric constant. If it is 2 10 m/s com-
pared to 3 10 m/s for the velocity of light, the time taken to
travel arc AB for the optical fiber link and for the AP links is
5.2 and 3.5 ms, respectively.
When transactions are relatively local, then delay constraints
can be relaxed, but attention must be given to the minimization
of delay when we are considering transactions ona global basis.
As an example, for an ocean of 6000 km, a geostationary link
is 250 ms, a fiber of length 10000 km (to allow for variations
on the ocean floor) is 50 ms, while if we establish a network of
sky platforms [3] at 20 km above the ocean, spaced 1 km apart,
the delay is only 23 ms, ignoring the relaying process delay in
each sky platform [10]. Low-earth-orbit satellites have delays
only a little greater than those of sky platform transmissions,
buttheyhavedisadvantagesofarelativelylowcapacityandhigh
Doppler frequency shifts [10].
For a digital free-space channel, the bit energy per noise
power spectral density is given by [11]
(61)
where
transmission rate in bits per second;
receiver temperature in degrees Kelvin;
Boltzmann’s constant ( J/K);
free-space loss;
summation of other losses (e.g circuits losses);
link margin.
The free-space loss is expressed as [11]
(62)
where isthelinkdistanceand isthewavelength.Expressed
in decibels, (61) becomes
dB dB dB dB
and the free-space loss (62) becomes
(63)
where is the operating frequency in hertz and is the link
distance in meters. The link distance depends on the location of
the station measured from the AP and is calculated using (11).
The required transmitted power of the AP at a height of 21
km is calculated for the chip rates of 4.096, 8.192, and 16.384
Mc/s. In these calculations, the operating frequency used is 2.2
GHz,thelinkmarginis15.4dB,therequired ,and
theloss duetocable, connector,andcombinerlossesis2dB.
The calculation assumed 30 dBi for the antenna on the AP and698 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 50, NO. 3, MAY 2001
Fig. 20. Array size as a function the radius of the central cell at 21 km and 2.2 GHz.
an isotropic antenna for mobile station. The transmitted power
as a function of the radius of the total area covered is displayed
in Fig. 19. Observe that an AP at a height of 21 km can cover an
area of radius 70 km with a chip rate of up to 16.384 Mc/s using
0 dB (1 mW) transmission power.
VIII. ARRAY STRUCTURE SIZE
As an adaptive antenna array system will be used on the AP,
the structure size is of importance. For large square arrays, the
broadside 3-dB beamwidth (HPBW) is approximated by [6]
(64)
The radius of the broadside cell (the central cell) formed by
an AP at height is
(65)
where BW and is the size of the array.
Substitutingfor ,thesizeofthearraymaybecalculated
using
(66)
For a specified , increasing the height of the AP requires a
larger array. However, the array size decreases as the operating
frequency increases. The array size as a function of the radius
of the central cell for km, assuming operating frequency
of 2.2 GHz, is shown in Fig. 20. From this figure, it is clear that
the size of the arrays needed in the AP system is realizable.
IX. CONCLUSION
With the expected deployment of third-generation (3G) net-
works starting in 2002, the application of aerial platforms in
3G is very attractive. For our part, we have conducted a pre-
liminary analysis that gives us optimism that aerial platforms
have a future role to play in supporting 3G terrestrial multi-
media networks. They have the ability to provide multiple cells
via the adaptive multibeam antenna arrays they have on-board;
to change the beam size to form cells as small as 100 m, i.e.,
form microcells; and to generate large cells of many kilometers
ifrequired.Theplatformsarestationarysotheydonotintroduce
any changes in Doppler frequency, they are at a sufficiently low
altitudethatpropagationdelaysareonlyafewmilliseconds,and
theircapacitycanbe veryhighbecausetheycanoperateCDMA
links with a reuse of unity. The movement of the beams means
the cells move, and if necessary, simultaneously change in size.
Therefore, the infrastructure can be electronically reorganized
to suit the changing teletraffic patterns of mobile users. Notice
that the cost of terrestrial base stations and site rentals is now
transformed to the cost of the aerial platforms.
We have examined the basic parameters of platform height,
coverage, cell size, array size, transmitted power, and so forth,
andfoundthemsatisfactory.Morequantifyingoftheparameters
is needed before the details of an aerial 3G system can be pre-
cisely formulated. In particular, the performance of the CDMA
uplink needs quantifying, a more complex propagation law that
takes into account the effects of terrain and buildings needs to
be used, and the effect of antenna side-lobes on a cochannel in-
terference must be examined, as well as perturbations on the
position of the AP. Nevertheless, we trust that this paper will be
valuable as a step along the path to the deployment of APs for
3G systems.EL-JABU AND STEELE: CELLULAR COMMUNICATIONS USING AERIAL PLATFORMS 699
(a) (b)
(c)
Fig. 21. Geometry for one beam from the AP.
APPENDIX A
FOOT-PRINT OF THE AP BEAMS
From Fig. 21(c), the distance is given by
(A.1)
and
OC (A.2)
where . Also
(A.3)
The equation of the ellipse formed by intersection of the beam
with the plane is
(A.4)
where
OC (A.5)
and
OC (A.6)
from which
(A.7)
From the projection in Fig. 21(c)
(A.8)
The line OC CM-MO, so
(A.9)
Substituting (A.5) into (A.9) and solving for OC leads to
OC (A.10)
From Fig. 21(b)
(A.11)
and
DC EF
OC (A.12)